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The formation of ice and snow on road pavement surfaces is a recurring problem, creating hazardous driving
conditions, restricting public mobility as well as having adverse economic effects. It would be desirable to develop
new and improved ways of modifying the pavement surface, to prevent or at least delay the build-up of ice and to
weaken the pavement–ice bond, and making the ice which forms easier to remove. This development could lead
to economic, environmental and safety benefits for winter service providers and road users. This paper describes
how environmental scanning electron microscopy was used to examine the mechanism by which de-icing chemicals,
added as a filler replacement to bituminous materials, can be transferred to the pavement surface. The paper assesses
the potential for chemical modifications to reduce the adhesion between ice and the pavement surface by means of
work of adhesion calculations, based on surface energy parameters and a new physical ice bond test. The paper also
examines the influence that the chemical modifications have on the durability of the pavement surface course.
Notation
ΔGBA
a adhesive bond strength between two materials ‘A’
and ‘B’
γ total surface free energy
γ+ Lewis acid component
γ− Lewis base component
γAB acid/base (polar) component
γLW Lifshitz Van der Waals component
1. Introduction
The formation of ice and snow on road pavement surfaces
creates hazardous driving conditions, restricts public mobility
and has adverse economic effects. Hazardous driving con-
ditions are caused by a reduction in the coefficient of friction
between vehicle tyres and the pavement surface (Kuemmel and
Hanbali, 1992). Accident analysis and the associated economic
impacts have been studied in detail by Goodwin (2002), Hanke
and Levin (1988), Quarmby et al. (2010), Strong et al. (2010),
Thornes (2000) and Usman et al. (2010).
Winter service is undertaken by highway authorities to ensure,
as far as possible, that road users can travel safely and with mini-
mum disruption in cold conditions. Such operations primarily
consist of the application of de-icing chemicals pro-actively
and reactively to the pavement surface. The de-icing chemicals
form a solution to prevent ice formation by lowering the freez-
ing point and/or weakening the bond between the ice and the
pavement surface. The delivery of winter service and appli-
cation of de-icing chemicals pro-actively and reactively are
discussed by COST (2002), PIARC (2014) and Road Liaison
Group (2014).
Several fundamental features of both the pavement, including
the small-scale roughness and the high surface energy, and the
ice lead to excellent bonding between the two, with the result
that bond prevention is difficult (Penn and Meyerson, 1992).
High bond strengths are also formed owing to the properties
of water. The low viscosity of water allows good contact and
relatively large energy of interaction with the pavement. Penn
and Meyerson (1992) identified that ‘the pavement nucleates
small, bubble-free ice crystals that are strong and difficult to
remove mechanically’.
The build-up of ice on pavement surfaces is a recurring problem
requiring a correctly timed application of de-icing chemicals
to prevent unsafe conditions developing for individual winter
weather events. This has significant economic (labour, plant
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and materials) and environmental impacts (Avery, 1973;
Backman and Folkeson, 1996; D’Itri, 1992; Schraufnagel,
1973). It would therefore be ‘desirable to develop new and
improved ways of modifying the highway surface, to prevent or
at least delay the build-up of ice, and to weaken the pavement–
ice bond so that the ice which forms is easier to remove’
(Baum et al., 1992: pp. 3–4).
One area that has previously been considered in order to
improve current practice is the modification of the pavement
surface course. ‘Both physical and chemical modifications of
the pavement surface are candidates for preventing the for-
mation of ice or for reducing the strength of adhesion to a
level that permits fast, complete, and low-force removal of ice
or compacted snow’ (Baum et al., 1992: p. 1). Delaying the for-
mation of ice and/or weakening the bond between the ice and
the pavement could generate a number of benefits including
& a reduction in the frequency of precautionary de-icing cur-
rently undertaken
& a reduction in the amount of sodium chloride or other de-
icing chemicals applied and the associated environmental
impacts and economic costs
& improved road safety.
Initial investigations by Baum et al. (1992) indicated that the
incorporation of chemical additives has the potential to provide
anti-icing benefits. Despite this, research relating to the chemi-
cal transfer mechanism and performance of such modifications
is severely limited. Research has generally been focused on im-
proving the tried and tested methods of applying de-icing
chemicals to the road surface, such as pre-wetting (Burtwell,
2004), spreading performance (Evans, 2012), impacts of
changes in winter severity (PIARC, 2013) and extreme cold
weather conditions (Evans et al., 2012).
The aim of this paper is to examine the transfer of de-icing
chemicals from within a bituminous mastic to the surface and
to assess the potential for chemical modifications to reduce the
adhesion between ice and the pavement surface. The paper
also aims to examine the influence the chemical modifications
have on the durability of the pavement surface course.
2. Chemical selection
The paper considers two potential chemical additions, which
have been selected based on their low surface energy and
freeze point depressant characteristics. These are sodium
formate and sodium silicate. Sodium silicate was determined
not to influence the freezing point of water at concentrations
below 5%. At a concentration of 10%, sodium silicate margin-
ally reduced the freezing point of water to a value of −0·5°C.
The freezing point for sodium formate solutions recorded was
much lower relative to sodium silicate, with values of −1·2°C,
−2·2°C and −5·2°C at concentrations of 3%, 5% and 10%,
respectively.
For the purpose of this study, sodium formate or sodium
silicate were added as a partial filler replacement to form a
chemically modified bitumen mastic. The sodium formate and
sodium silicate particles used as part of this study have a mean
particle size of 55 μm and 75 μm, respectively. The particle
size distribution is illustrated in Figure 1.
Limestone filler was utilised for the remainder of the filler. The
bitumen used to form the sodium formate mastic and the
sodium silicate mastic was a 40/60 penetration grade bitumen.
The two mastics were formulated to be volumetrically compar-
able, comprising 73·9% bitumen by volume and 26·1% of
chemical addition and limestone filler.
3. Chemical transfer
In order for the de-icing chemicals to interact with the for-
mation of ice and be effective at reducing ice adhesion they are
required to be present at the pavement surface. An evaluation
of the chemical transfer in mastics was assessed using scanning
electron microscopy (SEM).
SEM is a rapid and non-destructive technique used to
investigate the microstructure, morphology and elemental
composition of materials. Environmental scanning electron
microscopy (ESEM) is a form of SEM enabling imaging and
elemental analysis of samples incompatible with high vacuum,
such as non-conductive, hydrated and delicate samples.
SEM (Figure 2) uses the following techniques to assess a
number of material parameters
& high-resolution secondary electron imaging of topographic
surfaces to examine microstructure and particular features
such as size and morphology in a sample
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Figure 1. Particle size distribution for chemical additions and
limestone filler
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& backscatter electron imaging for identification of phases
with differences in composition
& energy-dispersive X-ray spectroscopy (EDX) analysis to
determine elemental composition of morphological and
textural features in a sample
& multi-element digital X-ray maps for spatial distribution
and relative concentrations of elements.
The ESEM technique utilises a controlled flow of gas into
the sample chamber to maintain the pressure at levels much
higher than conventional SEM. As part of this technique,
water vapour can be introduced to the chamber to produce
relative humidity up to 100%. The variable temperature Peltier
sample stage can then be used to control evaporation and
condensation.
Penn and Meyerson (1992) used SEM to examine the surface
roughness of asphalt concrete as part of a study into ice bond
prevention on pavement surfaces. ESEM has been used pre-
viously by Varanasi et al. (2010) to study frost formation and
ice adhesion on superhydrophobic surfaces. The use of ESEM
to study the transfer of de-icing chemicals from within a
mastic surface is a new concept.
To assess the surface topography and chemical transfer from
the mastic in relation to the influence of moisture absorption
a cycled conditioning protocol was employed. The relative
humidity was increased by increments of 10% to replicate
moisture absorption from 0% up to 100% relative humidity. At
100% relative humidity the sample was fully submerged by
adjusting the partial pressure and temperature of the Peltier
stage. This was followed by a reverse procedure by decreasing
the relative humidity to dry the specimen and encourage the
deposition of the chemical. The conditioning procedure was
designed to replicate the full range of relative humidity a pave-
ment surface may experience. This conditioning process was
conducted twice for each mastic.
At each 10% relative humidity increment, specific particles of
the chemical additives were imaged to identify the particle fea-
tures, morphology and elemental composition of the particles.
The major elements of interest to this study were sodium and
silicon from the chemical formulations. Elemental mapping
was employed to determine the spatial distribution of elements
before and after wetting to provide an indication of how the
particles are mobilised from the mastic and then deposited on
the sample surface.
Initial observations of the mastic samples were conducted at a
pressure of 0·2 kPa (1·5 Torr) at ambient temperature.
Observations of the chemically modified mastics identified a
relatively flat and smooth surface with numerous particles pro-
truding from the sample surface – see Figure 3.
The particles varied in shape and size and were typically below
20 μm in size. Analysis of various particles present at the
surface using EDX analysis identified that the particles were
typically composed of calcium, carbon and oxygen indicating
the presence of the limestone filler – see Figure 4.
Analysis of the background between particles indicates this
was primarily composed of carbon, hydrogen and sulfur,
which is consistent with the presence of bitumen. Only a
very limited number of particles exhibiting the elemental
composition of sodium formate or sodium silicate were
detected at the surface of the respective mastics. This indicates
that the chemical is maintained in the body of the mastic
and that a bitumen film covers the sodium formate or sodium
silicate particles. To prevent detection using EDX analysis
TV
Electron gun
Electron beam
Anode
Magnetic lenses
Back scatter electron
detector
Specimen
Stage
Secondary electron detector
Figure 2. Scanning electron microscope
Figure 3. Image of surface topography of mastic before wetting
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this bitumen film is likely to be generally at least 5 μm in
thickness.
The relative humidity was incrementally increased and up to
relative humidity of 60%, there was no significant change
to the appearance of the particles being imaged. At a relative
humidity of 60% there were initial signs of wetting on the
sodium formate and sodium silicate mastics, as signified by a
discrete dark region defining a water droplet – see Figure 5.
With increasing relative humidity the number of water droplets
increased with the wetted area, spreading to cover a wider area.
This was particularly evident around sodium formate particles
above a relative humidity of 70%. When 100% relative humid-
ity had been achieved, the surface of each mastic was fully
wetted with a thin layer of water, preventing any observation
of the surface and defined droplets present on the mastic
surface – see Figure 6.
The relative humidity was then decreased and as the humidity
fell below 60% the first sign of defined particles emerged at the
surface of the mastic where a water droplet had previously
been. As the humidity decreased, further the particles contin-
ued to dry and the structure became visible. Observations of
the particles demonstrated the following.
& Sodium formate mastic. The particles were of an angular
spikey appearance, on occasions originating from a central
point and typically in excess of 200 μm in size, see
Figure 7. These particles displayed strong peaks of the
element sodium when subjected to EDX analysis – see
Figure 8.
& Sodium silicate mastic. The particles appeared in general
to be smooth and well-defined in the region of 50–100 μm
in size, see Figure 9. Strong sodium, silicon and oxygen
signals were produced from the EDX analysis – see
Figure 10.
Figure 5. Water droplet forming on the sodium formate mastic
surface
0 0·6 1·2 1·8 2·4 3·0 3·6 4·2 4·8 5·4 6·0 6·6
C
SSiNa
O
Ca
Figure 4. EDX analysis of particles typically detected at the mastic
surface before wetting
Figure 6. Overview of the sodium formate mastic surface at
100% relative humidity
Figure 7. Example of angular crystalline formation of deposited
sodium formate
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The first cycle of this phase of testing demonstrates that both
sodium formate and sodium silicate particles are typically not
present at the mastic surface, but can be transferred through a
bitumen film to the surface of the respective mastic as the
humidity increases. This transfer occurs at high relative humid-
ity under the presence of moisture. On reducing the humidity,
the individual particles are deposited or dispersed over a pro-
portion of the mastic surface.
The level of relative humidity was increased once more at 10%
increments through changes in temperature and pressure. Up
until a relative humidity of 60% there was no significant
change to the appearance of the particles being imaged. At a
relative humidity of 60% the initial wetting of a number of
sodium formate particles and the majority of sodium silicate
particles was observed as they absorbed moisture. At 70% rela-
tive humidity all of the particles of sodium formate were
demonstrating some form of wetting, with increasing intensity
and spreading of the wetted area. At relative humidities of
80% there was full water coverage for all de-icing chemical par-
ticles identified.
The relative humidity was again decreased with chemical par-
ticles being deposited on the surface with clearly defined struc-
tures in a similar manner to the first cycle. Topographical
assessments were made of the particles deposited. Elemental
spatial distribution was conducted for individual particles
exposed after conditioning cycle 1 and comparisons made to
the distribution after conditioning cycle 2.
A number of sodium formate or sodium silicate particles
demonstrated relatively limited changes in the spatial distri-
bution after being exposed from cycle 1 (Figure 11) and re-
deposited after cycle 2 (Figure 12).
These particles maintained a strong sodium response around
the centre of the original particle, with smaller discrete par-
ticles being transferred from the centre or forming through the
mastic – see Figures 13 and 14.
Figure 9. Structure of deposited sodium silicate particles
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Figure 8. EDX analysis of sodium formate particle
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Figure 10. EDX analysis of sodium silicate particle
Figure 11. Image of initial exposed particle after cycle 1
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It is observed that the chemicals can be effectively transferred
and maintained at the mastic surface. The presence of such
chemicals at the surface indicates that they could transfer from
the mastic of a pavement surface course and influence the
adhesion between ice and the pavement surface.
4. Ice bond strength – work of adhesion
Surface energy is commonly used to predict adhesion between
two materials. Creation of a low-energy surface is an approach
widely investigated for de-icing purposes on ships, leading
edges of airplane wings and overhead telephone wires. In order
to lower the ice adhesion as much as possible, surface energy
components must be made as small as possible. The lower
these values, the lower the overall forces that hold the ice to
the surface will be, and the more easily it can be removed
(Figure 15).
The adhesion between two surfaces can be calculated from the
surface energy parameters of individual materials, which meet
to form an interface. As part of this study the surface energy
was measured for the de-icing chemicals using the Washburn
method. The surface energy parameters of limestone filler were
measured using dynamic vapour sorption (DVS). DVS is a
technique developed to measure the surface energy of high
surface area solids, such as fillers (Levoguer and Williams,
2003).
Work of adhesion calculations were then conducted to establish
if the de-icing chemicals can weaken the adhesion between ice
and a modified surface and theoretically allow easier removal
of ice from the pavement surface.
Several theories explain the molecular origin of surface free
energy of solids. The Good–Van Oss–Chaudhury theory is
widely applied to explain the surface free energy components
of various materials and determine these components by
measuring work of adhesion of the material with other liquids
or vapours (Bhasin, 2006).
According to the Good–Van Oss–Chaudhury theory, the total
surface free energy of any material is divided into three
Figure 12. Image exposed particle after conditioning cycle 2
Figure 13. Filter overlay of sodium element with initial exposed
particle after cycle 1
Figure 14. Filter overlay of sodium element of exposed particle
after conditioning cycle 2
γAB
γB
γA
Ice (B)
Ice (B)
∆GaBA
Limestone/chemical
additive (A)
Limestone/chemical
additive (A)
Adhesive bond
strength
Figure 15. Work of adhesion
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components based on the type of molecular forces on the
surface. These components are
& the non-polar component, also referred to as the Lifshitz-
Van der Waals (LW) or the dispersive component
& the Lewis acid component (polar component)
& the Lewis base component (polar component).
The total surface free energy (γ) is obtained by combining
these components as follows
1: γ ¼ γLW þ γAB
where γLW is the Lifshitz Van der Waals component and γAB is
the acid/base (polar) component which comprises the Lewis
acid γ+ and the Lewis base γ− components
2: γAB ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γþγ
p
The Lifshitz Van der Waals and the Lewis acid and Lewis base
components were measured using various techniques depen-
dent upon the material properties and are presented in Table 1.
The surface energy parameters of ice used for the calculation
were γLW= 29·6 mJ/m2, γ+= 14 mJ/m2 and γ−=28 mJ/m2
based on research conducted by Van Oss et al. (1992).
According to Good–Van Oss–Chaudhury theory, the adhesive
bond strength, ΔGBA
a , between two materials ‘A’ and ‘B’ can be
computed in terms of their respective surface free energy com-
ponents by
3: ΔGaBA ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γLWB þ γLWA
q
þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γþB þ γA
q
þ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
γB þ γþA
q
Based on the surface energy parameters established and the
above principles, the work of adhesion between ice and lime-
stone fillers/chemical additives has been calculated, where A
denotes limestone or the chemical additive and B represents
ice. These are presented in Table 2.
The high surface energy properties of limestone filler
indicate that a strong adhesion would be achieved with ice.
The test results demonstrate that the low surface energy prop-
erties of sodium formate and sodium silicate substantially
reduced the theoretical adhesion with ice by 70% and 67%,
respectively.
The surface energy properties of the limestone filler are
consistent with other limestone aggregates tested and typically
higher than granite aggregates used in bituminous mixtures
(Ahmad, 2011). The calculation results demonstrate that if
the chemical particles are transferred to the pavement surface
as observed in the ESEM testing, then the bond achieved
between ice and the chemical particles will be significantly less,
relative to the bond between ice and aggregate filler particles.
Theoretically this will allow for easier ice removal under
trafficking.
5. Physical measurement of ice bond
strength
In order to further examine the potential ice bond strength
reduction, physical bond strength measurements were under-
taken. Currently there is no standard method for measuring
ice adhesion to a bituminous surface. A modified torque bond
experiment was therefore developed to assess the ice bond
strength in terms of the torque required to fully break the
interfacial bond between the bituminous mastic and an ice
disc.
The equipment used for this research was a specifically
designed testing rig that comprised a fixed base for holding the
bituminous sample and a freely rotating upper component
with a pre-bonded ice disc. The ice bond strength was
measured using a hand-held torque meter. The equipment and
set-up are shown in Figure 16 and Figure 17.
Chemical solutions were manufactured at total concen-
trations of 1, 3 and 5% by weight for the various formulations.
Formulations were 100% sodium formate (100SF), 100%
sodium silicate (100SS) and 50/50 and 70/30 formulations of
the two. These were then poured into a metal test head cylin-
der and frozen at −20°C for a minimum of 12 h.
Surface energy component: mJ/m2
γLW γAB γ+ γ−
Limestone filler 55·3 191·6 51·6 178·1
Sodium formate 15·1 11·7 2·8 12·4
Sodium silicate 16·3 6·9 1·8 6·7
Table 1. Surface energy components of reference materials
Calculated work of
adhesion with
ice: mJ/m2
Reduction in ice
adhesion relative to
limestone filler: %
Limestone filler 257 —
Sodium formate 77 70
Sodium silicate 86 67
Table 2. Calculated work of adhesion between limestone
filler/chemical additives and ice
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The test heads were specially designed with a notched insert
(as shown in Figure 17) to ensure the ice disc created inside
could not rotate or move in any way. At the same time a
bitumen mastic disc was frozen at −20°C for a minimum of
12 h, placed and secured to the base of the testing equipment.
The two components were then bonded together by placing
5 ml of the solution on the bitumen mastic disc and lowering
the ice disc onto the bitumen surface. The entire unit was then
frozen at various temperatures for a period of 45 min and the
ice bond strength measured using the torque meter.
The bond established between ice and a material surface is a
complex function dependent on temperature, rate and direction
of freezing, and the physical and chemical conditions of the
substrate surface. Special attention was therefore given to
ensure samples and the test procedure conditions were constant
and that no external variables were introduced.
The mean ice bond strength was calculated based on five
measurements for each de-icing solution at 1%, 3% and 5%
concentrations between −1°C to −5°C. These results are pre-
sented in Figures 18–20. The error bars displayed represent ± 1
standard deviation.
The results demonstrate a reduction in the bond strength
between all of the de-icing chemical solutions and the bitumen
mastics’ surface in comparison to the bond strength between
water (control) and the bitumen surface. This difference
becomes more evident as the chemical concentration is
increased from 1% to 5%.
The following observations can be made
& at a 1% concentration the de-icing chemicals solutions have
bond strength with bitumen which is typically 2·5–14·6%
less than the bond strengthen with water
& at a 3% concentration the de-icing chemicals solutions are
more effective, with reductions ranging from 5·4–24·8%
less than for water.
& at 5% concentration the bond strength measured is up to
46·8% less than for water; at a test temperature of −5°C
the control water sample bond strength increased but the
de-icing chemical bond strengths remained constant.
This confirms that the chemicals can weaken the bond and
that the bond strength is directly related to the amount of de-
icing chemical that can be transferred. Generally, the results
for sodium formate and sodium silicate are similar across all
temperatures and concentrations with sodium formate gener-
ally producing the lowest bond strengths. This appears consist-
ent with the theoretical work of adhesion calculations and
highlights the effect that low surface energy materials can have
on bond strength. The lower freezing point of sodium formate
solution may also influence the bond strength measured.
Overall, the testing confirms that the inclusion of lower surface
energy de-icing chemicals can weaken the bond between ice
and a bituminous surface and confirms that work of adhesion
calculations provide a good estimate for highlighting poten-
tially effective chemicals. The test method developed has
proved to be an accurate method of measuring ice bond
strength in the laboratory with an average standard deviation
of less than 0·2 N/mm2 over 324 individual tests.
6. Influence of surface energy on moisture
sensitivity
Moisture damage can be defined as the loss of strength and
durability in asphalt mixtures owing to the effects of moisture
(Little et al., 2003). The presence of water (or moisture) often
results in premature failure of pavements in the form of iso-
lated distress caused by debonding of the bitumen film from
the aggregate surface, referred to as stripping, and/or early
rutting/fatigue cracking owing to reduced mixture strength
(Lu et al., 2007).
Surface energy and the impact on the moisture sensitivity
of mixes has been widely examined. The incorporation of
low surface energy materials can be detrimental to the dura-
bility performance of asphalt (Ahmad, 2011; Bhasin, 2006).
30 mm
4 mm
3 
m
m
5 
m
m
5 
m
m
Figure 17. Schematic diagram of test head and dimensions
Figure 16. Photograph of ice bond equipment set-up
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Binder affinity testing on coated particles and water sensitivity
of chemically modified asphalt was therefore conducted
to examine the susceptibility of mixtures containing the de-
icing chemical formulations to moisture damage.
6.1 Binder affinity testing
Binder and aggregate/filler combinations with a tendency
to strip are said to have low binder affinity. The tendency for
stripping of the binder film in the presence of water is highly
correlated to the surface properties of the binder, aggregate
and filler. Binder affinity testing was conducted in accordance
with Section 6.3.5 of BS EN 12697-11:2005 (BSI, 2005) –
Rolling bottle method. The test method was selected because it
provides a measure of binder affinity over specific time periods
to indicate the rate at which stripping occurs.
Test samples were prepared by washing and drying a single
size fraction of 6·3/10 mm aggregate. The filler or de-icing
chemicals were then added to the aggregate at a rate of 3% by
mass to the aggregate and coated with bitumen to obtain indi-
vidual uniformly coated particles.
A sample of the coated particles was transferred to bottles
filled with deoinised water at 5°C. The bottles were then sealed
and rolled at 60 r/min at ambient temperature for defined time
periods, these were 6, 24, 48 and 72 h. At these specific time
intervals, the degree of bitumen coverage on the aggregate par-
ticles was visually estimated. The mean bitumen coverage over
time for the various de-icing chemical additions is presented
in Figure 21.
The test results demonstrated reduced binder affinity in the
presence of sodium silicate. A substantial reduction in retained
bitumen coverage was evident when sodium silicate was incor-
porated in the mixture after being rolled for a period of 24 h.
The binder affinity test result for the sodium formate sample
(100SF) was broadly comparable to the limestone filler control
sample.
6.2 Water sensitivity testing
A test to determine asphalt specimens’ sensitivity to water
was conducted in accordance with BS EN1297-12:2003
(BSI, 2003a). This test assesses the effect of saturation and
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Figure 21. Percentage of bitumen coverage against time for each
de-icing chemical formulation
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Figure 20. Mean ice bond strength at a 5% concentration
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Figure 18. Mean ice bond strength at a 1% concentration
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Figure 19. Mean ice bond strength at a 3% concentration
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accelerated water conditioning on the indirect tensile strength
of asphalt specimens. The chemical modification was added to
the asphalt at 3% by mass using formulations consistent with
the previous experiment.
The test procedure required six cylindrical specimens to be
manufactured per formulation using impact compaction in
accordance with BS EN 12697-30:2004 (BSI, 2004). The
six specimens were then divided into two equally sized subsets
having approximately the same average dimensions and bulk
density. One subset is maintained dry in a temperature-con-
trolled cabinet at 20°C, whereas the other subset is saturated
and stored in water at an elevated conditioning temperature of
40± 1°C for a period of 68 to 72 h.
After conditioning, the wet specimens were brought to the test
temperature of 20°C for a minimum of 2 h. The indirect
tensile strength was then determined for both the dry and wet
subsets in accordance with BS EN 12697-23:2003 (BSI,
2003b). The indirect tensile strength of the water conditioned
subset is compared to that of the dry subset to calculate the
indirect tensile strength ratio, and is expressed as a percentage.
The tests results are presented in Table 3.
The test results demonstrate that the 100% sodium formate
addition, produced comparable indirect tensile strength ratios
relative to the control specimens. All de-icing chemical for-
mulations which included sodium silicate were highly sensitive
to water with a significantly lower percentage of strength
retained. The inclusion of even small amounts of sodium sili-
cate could be detrimental to the durability of the asphalt.
7. Conclusions and recommendations
ESEM testing has demonstrated that de-icing chemicals incor-
porated into a bituminous mastic as a filler replacement can be
transferred to the mastic surface owing to moisture absorption
at relatively high humidity.
A repeatable ice bond strength test has been developed. When
specific de-icing/low surface energy chemicals, sodium formate
and sodium silicate, are present in frozen water solutions, a
substantial reduction in bond strength between the bitumen
mastic and ice has been measured relative to water alone. This
is consistent with surface energy measurements. The reduction
in bond strength generated by chemical modifications could
lead to easier removal of ice from chemically treated asphalt.
Durability testing of asphalt containing the specific de-icing/
low surface energy chemicals demonstrated variable results
when subjected to water sensitivity testing. Increased suscepti-
bility to deterioration in the presence of water was evident
when sodium silicate was incorporated into the bituminous
mixture. Sodium formate modifications did not show a reduc-
tion in performance relative to the control specimens, despite
the low surface energy of this chemical. This difference could
be associated with the high surface texture and specific surface
area (0·202 m2/g) of sodium formate particles, resulting in a
greater adhesive bond with bitumen. In contrast, sodium sili-
cate has a smooth texture and a lower specific surface area of
0·005 m2/g, which may result in a poor adhesive bond with
bitumen.
The study has demonstrated that specific low surface energy
materials can be incorporated into pavement surface course
to reduce the adhesion between ice and the pavement surface,
thereby allowing the ice to be easily removed. It is recom-
mended that further research is conducted to screen low surface
energy chemicals, which reduce ice adhesion without influen-
cing the water sensitivity and durability of the asphalt. It is
recommended that a detailed study is conducted on promising
chemicals to further examine the durability of pavement sur-
faces incorporating such chemical modifications. Furthermore,
it is recommended that alternative ways of incorporating or
applying low surface energy materials into pavement surface
courses are explored. Such alternative methods may consider
introducing adhesion agents to mitigate the durability pro-
blems when incorporating specific low surface energy material
as filler, incorporating the low surface energy materials into
surface treatments or applying the low surface energy material
as a coating to the pavement surface.
Asphalt formulation Average indirect tensile
strength – dry subset: kPa
Average indirect tensile
strength – wet subset: kPa
Retained indirect tensile
strength: %
Control 1571 1334 84·86
3% 100SF 1317 1074 81·53
3% 70SF 30SS 1347 865 64·22
3% 50SF 50SS 1424 839 58·95
3% 30SF 70SS 1357 821 60·48
3% 100SS 1299 590 45·46
Table 3. Water sensitivity of asphalt specimens in accordance
with BS EN 12697-12:2003 (BSI, 2003a)
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This study has focused on the initial reduction in the bond
strength between ice and a modified pavement surface course.
It is likely that concentration of de-icing chemicals at the pave-
ment surface will reduce over time owing to the influence
of traffic and surface water run-off due to precipitation. It
is recommended that further research is conducted relating
to the longevity of such modifications and to quantify the
anti-icing performance over time. It is recommended that this
future research considers influencing factors including air void
content of the pavement surface, trafficking, climatic con-
ditions such as precipitation, de-icing chemical and chemical
concentration.
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WHAT DO YOU THINK?
To discuss this paper, please email up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial panel, will be published as
discussion in a future issue of the journal.
Proceedings journals rely entirely on contributions sent in
by civil engineering professionals, academics and stu-
dents. Papers should be 2000–5000 words long (briefing
papers should be 1000–2000 words long), with adequate
illustrations and references. You can submit your paper
online via www.icevirtuallibrary.com/content/journals,
where you will also find detailed author guidelines.
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